Abstract Weight gain in women receiving chemotherapy for breast cancer is associated with a higher risk of recurrence. Using metabonomic profiling, we recently reported that plasma lactate and alanine were prognostic for weight gain in individuals with breast cancer receiving chemotherapy. The role of lipid second messengers has not been studied. We assessed serum levels of sphingosine-1-phosphate (S1P), a known secreted lipid second messenger with a role in cell growth, in sequential samples from postmenopausal women receiving standard chemotherapy for early breast cancer and correlated these with body mass measurements and metabonomic profiling. While serum S1P levels prior to treatment did not correlate with body weight changes or circulating alanine and lactate, S1P levels measured during therapy were inversely correlated with weight gain (P = 0.04), but not weight loss (P = 0.74) or no change in weight (P = 0.5), suggesting a role of dynamic circulating S1P in adipocyte growth. These data provide evidence for an association between serum S1P and weight gain during chemotherapy cycles in women with breast cancer. Lipid second messengers have a role in chemotherapy-induced weight gain in breast cancer.
Introduction
Weight gain remains a common problem among patients with early breast cancer who receive chemotherapy [1, 2] . However, three decades since the original reports [3] [4] [5] , we are no closer to understanding the mechanisms involved although its detrimental effects have been increasingly noted. Weight gain adversely affects quality of life and leads to cardiovascular disorders, hypertension, diabetes and orthopedic problems. Interestingly, those individuals who gain the most weight appear to have an increased incidence of local and/or distant recurrence of breast cancer [6] [7] [8] [9] . In addition, there is strong evidence for reduced response to neoadjuvant chemotherapy and poorer survival in overweight and obese breast cancer patients [10] . These findings were supported by interim data from the Women's Intervention Nutrition Study (WINS) in which women with early breast cancer randomized to dietary intervention resulting in weight loss had a decreased relapse-free survival, an effect most marked in women with estrogen receptor negative breast cancers [11] .
In a further recent study, women who ate more vegetables and exercised had an improved survival [12] . In a recent study, we used metabonomic analyses in women with breast cancer Electronic supplementary material The online version of this article (doi:10.1007/s10549-010-0968-y) contains supplementary material, which is available to authorized users.
to identify circulating levels of lactate and alanine as prognostic markers for chemotherapy-induced weight gain [13] . S1P, a lipid second messenger with paracrine and autocrine functions is generated by sphingosine kinase 1 (SphK1), is a potent chemokine and a mediator of processes with important roles in cell growth [14] . S1P pools in the extracellular milieu [15] and once secreted it engages specific G-protein-coupled receptors (S1PRs) [16] ; all five S1PRs have diverse effects on cell proliferation and survival [17] which largely depend on the level of expression and celltype [18] . The SphK1/S1P pathway has been associated with many signaling pathways including TNF [19] , cyclooxygenase 2/prostaglandin E2 [20] and ERK1/2 and others [21] . There is compelling evidence that aberrant activation of the SphK1/S1P pathway contributes to cancer progression. SphK1 has been found to be a tumor-associated enzyme: high levels of SphK1 expression have been shown in various human tumor tissues such as brain, breast, colon, lung, ovary, stomach, uterus, kidney, rectum and small intestine [22, 23] . High levels of SphK1 expression and activity is associated with a poor prognosis in breast cancer [24] , glioblastoma multiforme [25] , astrocytoma [26] and gastric cancer [27] .
The major sources of circulating S1P are platelets [28, 29] and erythrocytes [30, 31] . The potential of S1P to have a role as a serum marker of human disease has been recently demonstrated in a study which showed that an elevated concentration of S1P in patients' serum was associated with inflammatory coronary artery disease [32] . Circulating levels of S1P were also associated with murine colon cancer [33] or human ovarian cancer (although no difference between stages was observed) [34] , and S1P receptor antagonists are in a wide variety of clinical trials.
To gain further insights into the mechanism(s) that control the changes in weight observed in women with breast cancer receiving chemotherapy, we measured circulating levels of S1P in individuals prior to, and during chemotherapy cycles [13] and correlated them to parameters related to body mass. In this current report, we show that serum S1P levels measured during chemotherapy had a strong inverse correlation with weight gain, but not with weight loss or no change. While circulating S1P was not identified as a prognostic marker for chemotherapy-induced weight gain, these data suggest a role for S1P involvement in the regulation of adipocyte growth during cancer chemotherapy.
Materials and methods

Patients and sample collection
Serum samples were obtained from 21 post-menopausal women before and during each cycle of chemotherapy for breast cancer, in either the adjuvant or neo-adjuvant settings; a total of 126 samples were collected (Supplementary details- Table 1 ). All patients received 5-fluorouracil (500 mg/m 2 ) cyclophosphamide (500 mg/m 2 ) and epirubicin (75 mg/m 2 ) based chemotherapy every 3 weeks intravenously. Standard anti-emetics with ondansetron and domperidone were administered. In all cases, samples were obtained immediately prior to each 3 weekly cycle of chemotherapy (thus the baseline sample was taken at cycle 1, the final sample 18 weeks later at cycle 6). Patients' weights were obtained using a Tanita BC-418 pro-segmental bodyfat analyser, which was kindly loaned to us for this study (Tanita UK Ltd., West Drayton, UK). This measures body composition with a validated four-compartment model as recently described [35] . We asked subjects not to eat for 2 h prior to measurement, and empty their bladder before the start of the measurements. Subjects were weighed in their underwear; these readings were obtained immediately prior to the blood draw and automatically saved in a dedicated computer. Height was measured to the nearest 5 mm using a wall-mounted stadiometer and the body mass index was calculated. At the time of writing, outcome measures including survival or recurrence of the patients were unknown and no relapses had occurred.
Reagents [c-
32 P]-ATP (6,000 mCi/mmol) was purchased from Perkin-Elmer (Beaconsfield, UK), and silica gel 60 highperformance TLC plates were from the LabWarehouse (London, UK). All other chemicals and reagents were obtained from Sigma-Aldrich (Dorset, UK).
Serum S1P analysis Intracellular S1P content was measured as described by Edsall and Spiegel [36] , and by ourselves [37] . Briefly, S1P was extracted from serum using alkaline chloroform/ methanol extraction (Folch extraction [38] ). To the aqueous phase, Folch extraction buffer C (200 mM Tris-HCl, pH 7.4, 75 mM MgCl 2 in 2 M Glycine, pH 9.0) was added (1:6, v/v) and S1P was dephosphorylated by addition of 50 U/sample of alkaline phosphatase for 30 min, 37°C. The reaction was stopped by addition of hydrochloric acid, and the organic phase containing sphingosine was separated and evaporated. Evaporated sphingosine was resuspended in ''SphK1'' buffer (20 mM Tris-HCl, pH 7.4, 20% glycerol, 1 mM b-mercaptoethanol, 1 mM EDTA, 1 mM sodium orthovanadate, 40 mM b-glycerophosphoate, 15 mM NaF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 10 mg/ml soybean trypsin inhibitor, 1 mM phenylmethylsulfonyl fluoride, and 0.5 mM 4-deoxypyridoxine) with 0.25% Triton X-100. Sphingosine was converted to S1P by addition of cytosolic extracts of SphK1-overexpressing PC-3 cells [39] and [c-32P]-ATP (10 mCi, 1 mM) containing 10 mM MgCl 2 . The resulting 32 P-S1P was resolved by thin layer chromatography on silica gel 60 with 1-butanol/ethanol/acetic acid/water (80:20:10:10, v/v) and quantified by autoradiography. S1P content was expressed as picomoles of S1P formed/mg of serum protein.
Data representation and statistical analysis
We wished to measure serum levels of S1P with a given amount of confidence (95%) comparing different groups of patients and correlating it to weight changes. All correlation analyses were performed using Pearson correlation test, normal distribution of the samples was confirmed using Kolmogorov-Smirnov test. The statistical significance of differences between the means of two groups was evaluated by the unpaired two-tailed t-test. When three or more groups were analyzed, one-way ANOVA test has been used; all calculations were performed using Graphpad Prism Software. The role of S1P in weight gain was prespecified at baseline and during treatment, to avoid large numbers of statistical comparisons.
Results
Basal circulating levels of S1P do not correlate with age, weight, BMI, or weight change Table 1 demonstrates correlations between basal levels of circulating S1P, body mass measurements, and age. Serum S1P measured prior to chemotherapy had no correlation with any of the measured parameters. Similarly, weight change (both gain and loss) in our patients was not correlated with age (P = 0.078), weight (P = 0.063), or BMI (P = 0.075). As these results approached significance, it allowed us to hypothesize that these groups of patients had a different probability of weight gain during breast cancer chemotherapy.
Despite this, there were no correlations between basal/ final serum S1P and weight change or serum alanine and lactate (Table 2) .
Circulating S1P levels correlate with weight gain Our analysis on the set of 126 samples revealed that there were two groups of patients: those with lower levels of circulating S1P (\8, 2.17-6.19) who had an average weight gain of 1.77±0.72 kg and those with higher levels of circulating S1P ( [8, 8.40-13.45) , who had an average weight loss of 0.23±1.04 kg, P = 0.106 (Fig. 1a) . Similarly, separating our patients by S1P/weight ratio demonstrated two distinct groups of patients, with low (\10, 3.80-8.26) and high ([10, 10.13-18.75) S1P/weight ratios who had 2.015 ± 0.81 kg vs -0.14 ± 0.77 kg weight change, respectively, P = 0.049 (Fig. 1b) . This revealed a significant correlation between dynamic normalised S1P levels and chemotherapy-induced weight change.
To identify the nature of the correlation of dynamic S1P to chemotherapy-induced weight change, we separated our patients into weight gain versus weight loss groups and plotted their relative S1P change versus weight change Table 2 Basal or final levels of circulating S1P or S1P/weight ratio do not correlate with weight change or circulating alanine and lactate
Pearson correlation coefficient (r) and P values are shown Basal S1P Basal S1P/weight S1P after S1P/weight after (Supplementary details- Fig. 1 ). In the majority of the patients with weight gain, a dynamic change in circulating S1P was inversely correlated with weight gain (Supplementary details- Fig. 1A ), whereas in patients with no gain or loss (Supplementary details- Fig. 1B ), circulating S1P change had no correlation with weight change. Correlation analyses demonstrated that both S1P and S1P/weight ratio were significantly correlated with weight change only in patients who gained weight ([1.5 kg), but not in patients with no weight change (\±1.5 kg), or weight loss (\-1.5 kg) ( Table 3) .
To further corroborate and internally validate these findings, we then examined the circulating S1P and S1P/weight ratio in patients with small (\3 kg) versus large ([3 kg) weight gain. Patients with a large weight gain appeared to have extremely low serum S1P values and were significantly different from patients with small gain (3.81 ± 0.39 vs 7.50 ± 1.02, respectively, P = 0.0073) (Fig. 2a) . A similar pattern was observed in S1P/weight ratio (4.83 ± 0.32 vs. 10.27 ± 1.79, respectively, P = 0.0136) (Fig. 2b) . Comparing patients with high weight gain to the remainder (combined low weight gain, no change and weight loss), our data showed that their serum S1P was significantly lower (3.81 ± 0.39 vs. 7.00 ± 0.87 respectively, P = 0.0369) (Fig. 2c) . The same difference was observed in their S1P/ weight ratio (4.83 ± 0.32 vs. 10.12 ± 1.26, respectively, P = 0.0177) (Fig. 2d) .
Discussion
In this study, we provide evidence that a loss in circulating S1P is correlated with weight gain in breast cancer patients treated with chemotherapy, suggesting a potential implication of circulating lipid second messengers in regulation of adipose tissue homeostasis during cancer progression.
While the influence of obesity on breast cancer outcome is well documented [40] , its mechanisms have been poorly studied. Recent data suggest that adipose tissue secretes specific factors (adipokines) that may regulate cancer cell growth, angiogenesis and chemoresistance [41] . It is possible that an increased amount of fat tissue may be responsible for poorer survival in overweight breast cancer patients [10] and thus the weight gain observed during breast cancer chemotherapy may present an important clinical complication.
In this study, we have correlated the levels of secreted lipid second messenger S1P with weight changes in women with breast cancer receiving chemotherapy. The fact that S1P is a regulatory lipid [42] suggests that its circulating levels may be involved in undetermined processes. While increase in circulating S1P was recently associated with inflammatory coronary artery disease [32] and cancer [34] , its sources were unclear. With the baseline levels of circulating S1P being maintained by blood cells [28] [29] [30] [31] , it is conceivable that these levels may be altered by various pathological conditions or therapeutic interventions, which may in turn influence homeostasis at distant sites.
We have previously reported chemotherapy-induced down-regulation of S1P and have found a chemotherapymediated SphK1 inhibition and S1P decrease in leukemia Fig. 1 Dynamic S1P/weight ratio measured throughout chemotherapy cycles correlate with chemotherapy-induced weight change. a, b Circulating S1P was measured during chemotherapy and normalised to body weight at the time of measurement (b). Average values are shown. Columns, mean values; bars, SEM; * P \ 0.05 Table 3 Circulating S1P or S1P/weight ratio measured throughout the chemotherapy cycle inversely correlates with weight gain, but not with weight loss S1P S1P/weight Pearson correlation coefficient (r) and P values are shown [43] and prostate cancer cells [39, 44] . Importantly, this phenomenon may be cell-type and chemotherapy-dependent since different chemotherapy was also shown to induce an increase in SphK1 activity and S1P production in prostate cancer [44] , pancreatic cancer [45] , and leukemia cells [46] . In our current study, all patients were treated with the same chemotherapy (FEC); however, the modification and dynamics of circulating S1P were not homogenous (15 cases of overall S1P decrease vs 6 cases of overall S1P increase; Supplementary details- Fig. 1 ). Furthermore, we have found no clinical or metabolic correlates that would predict for a fall in circulating S1P in response to chemotherapy (no association with any of the factors in the paper [13] ); we therefore hypothesise that there may be a genetic predetermination for such response.
In our study, we have found that basal levels of circulating S1P were not prognostic for chemotherapy-induced weight change in women with breast cancer (Table 1) . They were also not correlated to age, weight, and BMI. Absence of a correlation between BMI and serum S1P also suggests that the contribution of S1P secreted from fat tissue to overall circulating S1P is not significant. Importantly, basal levels of circulating S1P were not correlated with serum levels of alanine and lactate (Table 2) , which we have previously found to be prognostic for chemotherapy-induced weight gain [13] .
Our data show that dynamic changes in serum S1P are inversely correlated specifically with chemotherapyinduced weight gain in women with breast cancer. Patients with lower S1P levels had higher weight gain than patients with higher S1P levels, patients who generally exhibited weight loss. Once again, this inverse correlation appeared to be specific for patients with weight gain, but not weight loss or no change ( Supplementary Fig. 1, Table 3, Fig. 2 ), which suggests that the loss of circulating S1P is a prerequisite for an increase in adipose tissue. Importantly, the end levels of serum S1P have again not correlated with weight gain (Table 2) . This indicates that it may be the dynamic changes in serum S1P that regulate the growth of adipose tissue.
The role of S1P in adipose tissue homeostasis is still poorly studied; however, recent evidence suggests a negative regulation of adipose homeostasis by S1P/S1P receptor signaling. In differentiated rat white adipocytes, S1P was shown to significantly reduce insulin-induced mRNA of ob gene and leptin secretion through an S1P receptors-mediated mechanism [47] . Additionally, genetic analyses have revealed S1P receptors as genes induced by dietary L-arginine (Arg) supplementation that leads to a reduction in white-fat gain in diet-induced obese rats [48] .
Overall, in this study we have correlated a loss of circulating S1P with the weight gain in individuals with breast cancer receiving chemotherapy. We propose that Fig. 2 Circulating S1P or S1P/ weight ratio measured throughout the treatment cycle correlates with large weight gain. a-d Circulating S1P was measured during chemotherapy and normalised to body weight at the time of measurement (b, d). Average values are shown. Large gain: [3 kg, small gain: 1.5-3 kg. Columns, mean values; bars, SEM; * P \ 0.05; ** P \ 0.01 circulating S1P may act as a repressive factor for the growth of adipose tissue.
Our study is limited by small numbers of patients (although the numbers of samples were large because of their sequential nature) and several analyses performed on the data, derived from a homogenous set of patients. Future studies are required to investigate the mechanism of regulation of adipose tissue during chemotherapy and to identify whether this mechanism has a broader context in regulating non-chemotherapy-induced obesity. This includes the prospective measurement of S1P levels in studies, including dietary interventions, that we now hope to undertake.
This has particular clinical importance in the context of several molecular therapies targeting SphK1/S1P pathway that are currently being developed. These include a first clinically applicable S1P antibody [49] , which is currently undergoing several clinical trials including cancer trials and FTY720, an S1P receptor antagonist that has been recently published to be successful in phase III trials for treatment of MS [50, 51] . In this context understanding the potential side effects of interfering with the SphK1/S1P pathway on various body systems including the adipose tissue homeostasis is of utter importance. Lowering of circulating S1P by chemotherapy or targeting therapy may switch S1P-mediated adipose cell stasis to cell growth and adipogenesis.
